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Point defectsWe report an experimental study based on confocal microscopy luminescence (CML) and electron
paramagnetic resonance (EPR) measurements to investigate the effects of the X-ray (from 50 krad to
200 Mrad) on three speciﬁc multistep Ge doped ﬁbers obtained from the same preform by changing some of
the drawing conditions (tension and speed). CML data show that, both before and after the irradiation,
Germanium Lone Pair Center (GLPC) concentrations are similarly distributed along the diameters of the three
ﬁbers and they are partially reduced by irradiation. The irradiation induces also the Non Bridging Oxygen Hole
Center (NBOHC) investigated by CML and other paramagnetic defects as the Ge(1), Ge(2), E'Ge and E'Si
investigated by EPR. We do not observe signiﬁcant differences in the induced concentrations of these types of
defects in the three ﬁbers. All the results suggest that within the range of investigated drawing parameters
(usual range for specialty optical ﬁbers), the ﬁber radiation sensitivity is unaffected by these variations.
Consequently, these results show that the drawing parameters (drawing tension and speed) cannot easily be
adjusted to improve the radiation hardness of germanosilicate optical ﬁbers.A. Alessi).
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Silica based optical ﬁbers are used in several technological
application ﬁelds, telecommunication [1], radiation environments
[2], sensors and other optical device production [1]. The ﬁber design
and elaboration processes (dopant types, concentration, drawing
conditions…) determine their optical features [3]. It is known that the
Germanium doping increases the refractive index of the silica and for
this reason it is commonly used to realize the core of the ﬁbers [1]. As
regards the production procedures, previous studies have shown that
the drawing process can induce the generation of point defects that
can act as precursor sites for the generation of optically-active defects
under irradiation [4,5]. Since for many ﬁber-based applications in
radiative environments, the radiation response of Ge-doped silica is a
crucial aspect, so an important research ﬁeld is devoted to this
domain. Different investigations have shown that the radiation
induces new optical absorption bands [6–9], thus increasing the
attenuation of the ﬁber [10], and that it is due to the generation or the
conversion of point defects in the glass network [1,6–8]. For this class
of materials, the Germanium Lone Pair Center (GLPC) [11] has been
widely studied, since a relation between the bleaching of its
associated optical absorption (OA) band, peaked at 5.1 eV [1], andthe photosensitivity of the Ge-doped silica glass [1,12] has been
observed. The GLPC is constituted by a Ge atom bonded with two
oxygen atoms by two single bonds, and with an electron lone pair
(NGe••, N stands for the two single bonds, whereas • represents an
electron) [1,11,13]. The GPLC is also responsible for two photolumi-
nescence (PL) bands which peaked at ~4.3 eV and at ~3.2 eV [1,13].
According to Ref. [13] the 5.1 eV OA band is due to the S0→S1
transition (S0 being the singlet electronic ground state and S1 the ﬁrst
singlet excited electronic state), the 4.3 eV PL band is due to the
inverse transition and the 3.2 eV PL band is related to the T1→S0
transition (being T1 the ﬁrst triplet excited electronic state supplied
through S1 by an inter-system crossing process [13]). For the data
reported in the following it is also important to note that an OA band
peaked at ~3.8 eV has been associated with the S0→T1 transition [7].
In addition to the GLPC and its bleaching, other defects as the
Ge(1), Ge(2) and the E'Ge and their generation processes were
investigated [1,14–16]. The interest for these defects is due to the
proposed relations among them and the induced OA bands [6–8] and
to the debate of their relevance regarding transmission attenuation,
photosensitivity and non linear effects [1,9,10,17–20]. All these
defects are paramagnetic; in particular, the Ge(1) is made up of a
fourfold coordinated Ge atom trapping an electron (NGe•b) [6], the
E'Ge is formed by a threefold coordinated Ge atom with an unpaired
electron ( Ge•) [21]. At variance, for the Ge(2) two structural models
have been proposed. In the ﬁrst one they have a structure similar to
the Ge(1), differing for the presence of a second Ge atom as second
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GLPC (NGe•) [8].
In this work, we study the inﬂuence of X-ray irradiations on a set of
speciﬁc germanosilicate ﬁbers obtained from the same preform
changing drawing conditions. To thoroughly investigate the effects of
the drawing conditions on the radiation response of theseﬁberswe also
studied the radiation induced amounts of theNonBridgingOxygenHole
Center (NBOHC Si–O•) [1,22] and of the E'Si ( Si•) [1,23].
2. Experimental
We have studied three different types of ﬁbers produced by
iXFiber SAS starting from the same preform (made by the modiﬁed
chemical vapor deposition process) making major changes in the
drawing conditions; they will be called FGeD1, FGeD2 and FGeD3 in
the text. The Ge doping level along the ﬁber diameters (~125 μm)was
speciﬁcally designed to follow a two-step distribution. The ﬁrst step is
doped with ~4.5 wt.%, whereas the second with ~9 wt.% (see Fig. 1).
The FGeD1 was obtained using a drawing speed of 70 m/min and a
tension of 135 g, the FGeD2 was produced using a drawing speed of
40 m/min and a tension of 70 g, whereas for the FGeD3 they were
22 m/min and 33 g respectively.
These drawing conditions have been chosen to cover the range of
tension and speed usually applied for the drawing of specialty ﬁbers
like radiation-tolerant waveguides, rare-earth doped or polarisation-
maintaining optical ﬁbers. However, our experimental procedure
does not cover the range of drawing parameters used for the making
of Telecom-type ﬁbers.
The samples were X-ray (10 keV) irradiated at room temperature
with the ARACOR machine at the French atomic energy center (CEA).
We recorded confocal microscopy luminescence (CML) measure-
ments to check and follow the evolution of GLPC and NBOHC
distribution along the ﬁber cross section diameter before and after
the irradiations. These measurements were acquired using an Aramis
(Jobin-Yvon) spectrometer, with a He–Cd ion laser excitation line
(energy 3.8 eV, power ~0.15 mW) and supplied with a CCD camera,
microtranslation stages and a 40x objective. The employed experi-
mental conditions lead to a spatial resolution of ~2 μm. The system
adopts a back-reﬂected geometry. For all the measurements the
excitation beam penetrates a few micrometers into the sample.
Furthermore we note that using the CML technique it is possible to
ﬁlter the luminescence from a selected sample region, in this way
possible light guiding effects along the ﬁber diameter are strongly
limited.Fig. 1. Ge doping proﬁle of the three ﬁber types.We also recorded, at room temperature, electron paramagnetic
resonance (EPR) spectra using a Bruker EMX-Micro Bay spectrometer
working at 9.8 GHz. The defect concentrations were estimated using
the EPR signal recorded in a bulk sample with a known concentration
of E'Si [24]. The concentrations are estimated with an absolute
accuracy of 50% and a relative accuracy of 20% [25].
3. Results
In Fig. 2a we report the emission amplitude at 3.2 eV along a ﬁber
diameter recorded in all three investigated samples before irradiation
and after a dose of ~100 Mrad. The data indicate that the GLPC
contents are similar in the three samples and that their concentration
reaches a maximum at the center of the higher doped region. It is
important to note that even if the GLPC/Ge ratio in the 9 wt.% doped
zone is not constant, it does not depend on the investigated ﬁber. Such
an enhanced generation of defects was previously noticed in the core
centers of irradiated samples of pure silica-core step-index ﬁbers [26].
As regards the irradiation effects reported in Fig. 2b, we note that the
emission of the GLPC shows a decreasing tendency while the dose
increases. In Fig. 2b the point at 0.1 krad represents the initialb
Fig. 2. a) Emission at 3.2 eV as a function of the distance from theﬁber center: ( ) FGeD1,
(●) FGeD2 and (□) FGeD3 before irradiation, ( ) FGeD1, (▬) FGeD2 and ( ) FGeD3 at
~100 Mrad; b) emission at 3.2 eV recorded at the center of the ﬁbers as a function of the
dose ( ) FGeD1, (●) FGeD2 and (□) FGeD3.
Fig. 4. EPR spectra at the dose of ~2 Mrad for the FGeD1 ( ), FGeD2 (▬) and
FGeD3 ( ).
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allow us to study such dose dependency in depth, no difference
appears in the three investigated ﬁbers. Furthermore considering all
the data we deduce that at the dose of 100 Mrad the GLPC
concentration is ~30% lower in all the ﬁbers. Finally, comparing the
GLPC proﬁles before and after irradiationwe remark that they are very
similar.
In addition to the 3.2 eV band from the dose of 2 Mrad in the
spectra an emission band peaked at ~1.9 eV was also detected. This
emission is attributed to the NBOHC [1,22] and in Fig. 3 we report, as a
function of the distance from the ﬁbers' core centers, its amplitude at
the dose of 100 Mrad. The data show that the NBOHC content is higher
in the Ge doped zone, with a maximum at the core centers (similar
behavior is observed for lower doses). In the inset of Fig. 3 the 1.9 eV
amplitude recorded at the center of the ﬁbers is reported as a function
of the dose, we note that no signiﬁcant differences in the dose
dependence are observed in the three ﬁbers and that the NBOHC
content increases with a sub-linear dependence on dose.
Fig. 4 illustrates the EPR spectra recorded at the dose of 2 Mrad for
all the ﬁbers. The spectra are normalized regarding the measurement
conditions and the sample weights. We note that the signal amplitude
is similar in the three ﬁbers, and we also observe that the line-shape
appears independent from the sample. In fact, in all the spectra we can
observe the presence of the peaks at ~346 mT and at ~348.5 mT
related Ge(1) and Ge(2), respectively. The identiﬁcation of the E'Ge is
not as easy since their lower concentration and the strong overlapping
of the signals [27]. It is important to underline that no detectable
concentrations of Ge(1) and Ge(2) have been observed in the ﬁbers
before irradiation, whereas an E'Ge concentration of ~2×1016 defects/
cm3 was detected in all three types of the pristine ﬁbers.
The Ge(1) induced concentrations are reported in Fig. 5a as a
function of the irradiation dose. We note that, in the three ﬁbers, the
Ge(1) defect concentration linearly increases with the dose up to
~200 krad and then it tends to reach a limit value of ~4×1017 defects/
cm3. Similar dose dependence is observed in Fig. 5b for the Ge(2) with
a saturation value of ~5×1017 defects/cm3. On the contrary, the E'Ge
concentration increases with the dose following a sub-linear law
without showing a saturation tendency (see Fig. 5c).
Even if the dose dependence of the E'Ge is different from those of
the Ge(1) and Ge(2) it is important to note that no signiﬁcant
differences are observed in the behavior of the three different ﬁbers.
In Fig. 5c we do not report the concentration induced at the ﬁrst twoFig. 3. Emission at 1.9 eV as a function of the distance from the ﬁber center: ( ) FGeD1,
(-●-) FGeD2 and (-□-) FGeD3 at the dose of ~100 Mrad; inset emission at 1.9 eV recorded
at the center of the ﬁbers as a function of the dose ( ) FGeD1, (●) FGeD2 and (□) FGeD3.doses since the total measured E'Ge concentrations are too close to
those of the pristine samples.
We note that the here reported dose dependences agree with the
previous investigations [28,29]. Ge(1) and Ge(2) concentrations are
determined by a competition between generation and destruction
mechanisms involving precursors. By contrast the E'Ge and NBOHC
kinetics suggest generation mechanisms involving T–O–T sites (with
T=Si/Ge) [30].
Finally, as regards the E'Si, we note that their concentration (under
a straightforward model the defects are supposed uniformly distrib-
uted in the ﬁbers) starts to be measurable from the dose of 2 Mrad,
since the overlapping of the E'Si EPR signal with that of the Ge-related
defects. As for the other defects, it is important to underline that no
signiﬁcant differences are observed in the three ﬁbers. The maximum
induced concentration is observed at the dose of 200 Mrad and it is
~5×1016 defects/cm3 and we bring to mind that the concentration
depends on a dose with a law similar to that of the E'Ge.
4. Discussion
In a previous study [5], we showed a noticeable difference in the
GLPC concentrations between a Ge-doped preform and its
corresponding optical ﬁber. In the case of the ﬁber, the GLPC
generation seems to be enhanced in its core during the drawing
process. The data of Fig. 2 show that for the investigated variations of
the drawing conditions, the three tested ﬁbers have very similar pre-
irradiation GLPC concentrations (panel a). As a consequence, it
appears not possible to reduce the number of pre-existing GLPC
defects in the ﬁbers by varying the drawing speed and tension inside
the studied range. This is also true for the other investigated precursor
or radiation-induced defects: Ge(1), Ge(2), E'Ge, NBOHC and E'Si. All
are identically generated in the three ﬁbers.
The radiation sensitivity independence from the drawing conditions
could seem in contrast to the data reported in Ref. [10]. In thatwork, we
showed that the ﬁber wasmore sensitive (in terms of the paramagnetic
Ge-related defect generation) at low doses (~200 krad) than its
corresponding preform, whereas minor differences were observed at
higher doses (~200 Mrad). By changing the drawing condition, a
difference in the radiation sensitivity at low doses could be expected.
The reported absence of such differences suggests that the
variations in the drawing conditions used to obtain the investigated
samples, even if quite important for the ﬁber production, are too small
to induce signiﬁcant changes in the characteristics before or after
ab
c
Fig. 5. Concentrations of Ge(1) (panel a), Ge(2) (panel b) and E'Ge (panel c) recorded at
the different doses in FGeD1 ( ), FGeD2 (●) and FGeD3 (□).
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the drawing parameters, have shown relations between the drawing
induced defects and the drawing parameters [7,31–34].Furthermore, even if speciﬁc studies of the structure and stress of
the examined ﬁbers are postponed in future investigations, we can
tentatively suppose that the ﬁctive temperature of the three ﬁbers is
similar, since in Ref. [35] it was shown that signiﬁcant variations of
this quantity require greater changes in the drawing parameters.
From the practical point of view our data indicate that larger changes
of drawing tension and speed are required tomodify the generation of
defects and of the defect precursors to improve the radiation
hardness, it is also important to consider the relevance of other
drawing parameters. For these reasons the drawing temperature, the
atmosphere applied during the drawing, the chemical composition of
the ﬁber, the efﬁciency of pre-treatments like thermal annealing or
hydrogen-loading have to be considered and investigated to design
radiation-tolerant germanosilicate glasses. Finally, considering our
data and those reported in Ref. [35] we suggest that between the
changes in the drawing tension and variations of the drawing speed,
these latter appear the most promising for the control improvement
of the ﬁber radiation sensitivity.
5. Conclusions
We have reported an experimental investigation regarding three
ﬁbers produced from the same preform and differing from the
drawing conditions. The study has been devoted to the defects
generation–evolution under X-ray irradiation. We have investigated
the signals of GLPC, NBOHC, Ge(1), Ge(2), E'Ge and E'Si; from this data
the close similarity in the initial values of the various defect
concentrations and analogous radiation responses of the ﬁbers have
been highlighted. Based on these ﬁndings, we suggest that the
explored changes in the drawing parameters, usually employed for
specialty ﬁbers, do not affect the ﬁber features.
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